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j /74L ABSTRACT 

S o l a r  X-ray f l u x  in tegra ted  over the in t e rva l  0.1 - 10 w a s  measured 

from the  OSO-1 s a t e l l i t e  i n  e a r l y  1962 using a xenon-fil led ion chamber 

with a t h i n  beryll ium window. 

can be accounted f o r  by loca l i zed  sources having t h e  same hor izonta l  ex ten t  

as C a  plages wi th  thicknesses  proportional t o  t h e i r  diameter;  and having 

an e l e c t r o n  temperature of about 2.8(1016 4( and an e l ec t ron  dens i ty  of 

about 5 ( l 0 l 9  e l ec t rons  p e r  cm . A fu r the r  conclusion is t h a t  f o r  these  3 

condi t ions  the  r a t i o  of l i n e  emission t o  continuum emission is  a t  l e a s t  

10: 1 and more probably 30: 1. 

I n  add i t ion  t o  a slowly-varying component, t r a n s i e n t  events  (X-ray f l a r e s )  

l a s t i n g  from 10 minutes t o  a few hours were f requent ly  observed. Corre la t ions  

with H-o( 

t he  r e s u l t s  show t h a t  as an ind ica to r  of l o c a l  s o l a r  a c t i v i t y ,  t he  OSO-1 X-ray 

f l a r e s ,  wi th  SID’s, and wi th  2800-Mc t r a n s i e n t s  have been inves t iga t ed ;  

experiment w a s  more s e n s i t i v e  by a la rge  f a c t o r  than ind ica to r s  based on 

ionospheric e f f e c t s  or than ind ica to r s  based on observat ions of s o l a r  f l u x  

i n  v i s i b l e  or r a d i o  wavelengths. X-ray f l a r e s  w e r e  f requent ly  observed t o  

be assoc ia ted  i n  groups possessing a c h a r a c t e r i s t i c  pa t t e rn ;  t h e  implicat ions 

a r e  discussed. gu r d c  L 



SOLAR X-RAYS: 

SLOW VARIATIONS AND TRANSIENT EVENTS 

1. INTRODUCTION 

With the  launching of the  0.50-1 on March 7 ,  1962, it became poss ib le  

f o r  t he  f i r s t  t i m e  t o  po in t  instruments a t  t he  sun accura te ly  and contin- 

uously f o r  e n t i r e  dayl ight  por t ions  of a sa te l l i t e  o r b i t ;  f o r  t he  550-Km 

o r b i t  of OSO-1 these  observing t i m e  i n t e rva l s  were the  order  of one hour 

each,  separated by darkness i n t e r v a l s  of about two-thirds of an hour. 

The observing periods w e r e  long enough t o  d i sc lose  some i n t e r e s t i n g  dynamic 

e f f e c t s  which would be d i f f i c u l t  t o  study otherwise. 

2. SENSOR CHARACTERISTICS 

OSO-1 provided coverage of the  so l a r  X-ray r a d i a t i o n  near  a wavelength 

of 10 Angstroms by means of an ion chamber whose c h a r a c t e r i s t i c s  are given 

i n  Table 1. The conversion e f f i c i ency  as a funct ion of wavelength is  

shown i n  Figure 1. 

TABLE 1 

Sensor Charac te r i s t ics  

Window Material Beryl 1 i u m  

Window Thickness 0.005 inch 

Tota l  Window Area 
(Two chambers i n  p a r a l l e l )  

3.38 cm2 

Absorbing G a s  Xenon 

G a s  Pressure 780 mm 

Ion Chamber Depth 
a t  Normal Incidence 

2.19 cm 

Ion p a i r s  per e r g  2.8 (10) lo 
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The f u l l - s c a l e  s e n s i t i v i t y  i s ,  of course,  dependent upon the  shape of 

the  input  spectrum. It  w i l l  be shown t h a t  f o r  non-flare periods it is 

reasonable t o  assume a s p e c t r a l  shape cons is ten t  with a 2.8(1016 9( plasma; 

f o r  such a spectrum, wavelengths cont r ibu t ing  t o  the  output cu r ren t  l i e  i n  

the  i n t e r v a l  3 - 11 R; the  f u l l - s c a l e  s e n s i t i v i t y  a t  such times is 

1 . 8 ( ~ - ~  ergs-cm-2-sec -1 wi th in  t h i s  wavelength region. 

s e n s i t i v i t y  over such a band is 3 . 6 ( 1 ~ 1 ) - ~  ergs-cm -2 - see  -1 . 

For comparison wi th  

e a r l i e r  measurements [l] over bandwidths spec i f i ed  as 2 - 8 8,  the  f u l l - s c a l e  

3. INPUT SPECTRUM ASSUMPTIONS 

Both of t h e  fu i i - s ca l e  f i u x  vaiues mentioned above are computed for 

an input  spectrum shape equivalent  t o  a 2.8(1016 % plasma. 

for t h i s  choice is  threefo ld :  

The bas i s  

(1) A d i r e c t  measurement of spec t r a l  shape between 7 and 11 Angstroms 

w a s  made by Pounds, Willmore, e t  a1 

1962, a t  2110 UT, two hours p r i o r  t o  a s m a l l  v i s i b l e  f l a r e .  The spectrum 

obtained by t h i s  group f i t s  a 2.8(10>6 ’% plasma; in t eg ra t ing  t h e i r  absolute  

f l u x  values  between 7 and 11 a gives a value f o r  the i n t e g r a l  of 

1.2(10>-3 ergs-cm-2.sec-1. A t  t h i s  time the  OSO-1 X-ray ion-chamber experiment 

was  o f f - sca l e ,  implying an in t eg ra t ed  f l u x  over the  same wavelength i n t e r v a l  

( t h a t  is ,  7 - 11 R )  of 3 

d i s t r i b u t i o n .  The agreement between OSO-1 and A r i e l  f o r  the  s o l a r  X-ray 

f l u x  of Apri l  27 ,  1962 is thus probably wi th in  a f a c t o r  of 2 .  

[2] from the  s a t e l l i t e  Ar i e l  on A p r i l  2 7 ,  

1 . w O > - 3  ergs-cm-2-sec-1, f o r  the Same s p e c t r a l  

(2) An assumed temperature appreciably l e s s  than 2.8(1016 % would 

r equ i r e  t o o  high an e l ec t ron  dens i ty  t o  produce the  X-ray fluxes measured 

- 3 -  



by OSO-1. This statement is t r u e  e i t h e r  i f  the  X-ray source is (a) spread 

uniformly over the  e n t i r e  corona or (b) loca l ized  i n  cen te r s  of a c t i v i t y .  

I f  one computes the  continuum f l u x  t o  be expected a t  these  wavelengths 

from t h e  entire s o l a r  corona (assumed isothermal a t  a somewhat lower 

temperature ,  say 2.4(1016 %) one f inds  t h a t  t o  produce the  lowest f l u x  

value measured by OSO-1, the  in t eg ra l  of the  square of t he  e l ec t ron  dens t ty  

taken over the  e n t i r e  corona is  55.3(10>49. 

wi th  t h e  value of 4.6(10>49 obtained by Shklovskii  t 3 3  using the  coronal 

model of Allen 147 , or  w i t h  the  value of 3 ( 1 0 ) ~ '  obtained by E l w e r t  [5] , 

This value should be compared 

f h l  . Thus the  t h e o r e t i c a l  f l u x  i n  the continuum fo r  an isothermal 

corona w i t h  Al l en ' s  e l ec t ron  dens i ty  p r o f i l e  a t  2,4(1016 % f a l l s  s h o r t  

of the  lowest value measured on OSO-1 by a f a c t o r  of order  15. I n  f a c t ,  

one must p lace  t h e  e n t i r e  corona a t  a temperature i n  excess of 3.5(1016 9( 

t o  m e e t  t h e  lowest OSO-1 f l u x  using such an all-continuum model. If one 

a l l o w s  t h e  cont r ibu t ion  from l i n e  emissions t o  exceed t h e  f l u x  from continuum 

emission by a f a c t o r  of 15 ,  t he  corona in  i t s  e n t i r e t y  would have t o  be a t  

a temperature of about 2.4(1016 %; but t h i s ,  remember, is f o r  the  lowest 

f l u x  measured by OSO-1. For more than 50 percent of the t i m e  t h e  OSO-1 

f l u x  exceeded t h i s  lowest value by a t  l e a s t  a f a c t o r  of 10. 
3 

(3) An assumed temperature appreciably g r e a t e r  than 2.8(10>6 OK 

would be incons is ten t  with concurrent OSO-1 observations of the  Fe XV t o  

Fe XVI r a t i o  made by &rt 1 7 7  . 
r 

- 
4. SPATIAL DISTRIBUTION OF X-RAY SOURCES 

From the f a c t  t h a t  most of t he  t i m e  t he  measured f l u x  from OSO-1 
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w a s  much l a r g e r  than t h e  lowest value measured (which is  already uncom- 

f o r t a b l y  high f o r  an isothermal corona with uniform dens i ty  p r o f i l e ) ,  w e  

can only conclude t h a t  t h e  previously observed s p a t i a l  l o c a l i z a t i o n  of 

sources of X-rays of somewhat longer wavelength must a l s o  e x i s t  f o r  wavelengths 

less than 10 Angstroms, and inquire  as t o  the  condi t ions of temperature and 

e l e c t r o n  dens i ty  l i k e l y  t o  be found i n  such local dens i f i ca t ions .  The 

observat ions of Bi l l ings  f 8'1 show t h a t  occasional ly  temperatures as high 

as 4.2(1016 9( and e l ec t ron  dens i t i e s  as  high as 2(10)" cm-3 are found; 

more u s u a l  values  9 1  run Te < 3.5(1016 % and ne < 7(10) cm . 9 -3 

5. SLOWLY-VARYING COMPONENT 

A comparison of t he  slowly-varying p a r t  of the  10-Angstrom X-rays 

wi th  2800-Mc rad ia t ion  confirms t h a t  t h e  loca l ized  sources of solar X-rays 

are i n  some way assoc ia ted  with centers  of a c t i v i t y  such as C a  plages 

and/or sunspot groups. Figure 2 shows the t ime-history of both f luxes  f o r  

about 2.5 s o l a r  ro t a t ions  i n  the  e a r l y  l i f e  of OSO-1. It can be seen 

t h a t  t he  smoothed X-ray f l u x  c o r r e l a t e s  f a i r l y  wel l  with the  excess 2800-Mc 

f l u x  above a background of about 75 f l u x  u n i t s  appropriate  f o r  the  "quiet"  

sun a t  t h a t  phase of the  s o l a r  cycle  1 1 0 1  . 
The lowest X-ray f l u x  measured by OSO-1 (on Apri l  6 ,  1962) w a s :  

f o r  A < 8 8, 3.6(10>-5 erg*cm-2*sec-1; f o r  < 11 2, 1.8(10)-4 erg.cm-*-sec-l. 

This may be considered an upper bound on the  X-ray f l u x  from t h e  "quiet" sun. 

This f l u x  occurred a t  a t i m e  when only 3 plages of a r ea  2 1000 mil l ion ths  

of a s o l a r  hemisphere w e r e  v i s i b l e  on the disk.  The nea res t  plage behind 

the  w e s t  limb had s e t  t h ree  days previously,  and the  nea res t  behind the  

- 5 -  
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east limb w a s  n o t  t o  r ise u n t i l  1.5 days later. I f  we  now assume t h a t  t he  

X-ray emission i s  coming from 3 "pillbox" volumes, one assoc ia ted  wi th  each 

of t h e  3 p lages ,  each having i t s  base a rea  equal t o  the  plage area and 

furthermore having a he ight  equal t o  1 /2  the  diameter of i t s  base,  we have 

t h e  s i t u a t i o n  shown i n  Table 2. Using the t o t a l  source volume obtained 

TABLE 2 

Plages f o r  6 Apr i l ,  1962 

Observed C a  Plage 

A r e a  
McMath i n  mi l l i on ths  of A r e  a 
Plage No. s o l  ar hemisphere cm2 

Assumed 
X-Ray Source 

Height  V0iUme 
3 cm c m  

6377 

6378 

6379 

1600 4.90 (10) 3.95(10)9 1 .94(1012' 

1000 3.06 3.12 (10)' 0.954(10)29 

1000 3.06 (IO) 3.12 (10)' 0.954(10)29 

To ta l  Volume = 3.85(10>29 cm3 

from Table 2 ,  Table 3 gives t h e  value of fnea &v 
observed X-ray f l u x  of 6 Apr i l  1962 f o r  s eve ra l  assumed temperatures,  and 

shows t h e  r e s u l t i n g  values of ne f o r  various assumptions regarding t h e  

re la t ive  con t r ibu t ion  of l i n e  emission [ 6 1  . 
w a s  observed by B i l l i n g s  [ 9 3  on 9 Apr i l  1962 t o  have a f a i n t  continuum 

enhancement from which he estimated ne = 0.5(10>10. I f  t h i s  w a s  indeed 

requi red  t o  f i t  t h e  

The volume above plage #6379 

- 7 -  



t h e  correct e l ec t ron  dens i ty ,  and i f  (as is most l i k e l y  from such a weak 

source 

Table 3 ind ica t e s  t h e  r a t i o  of l i n e  emission t o  continuum emission w a s  a t  

l e a s t  1O:l. 

from the  A r i e l  spectrum of Apri l  2 7 ,  the r a t i o  of l i n e  emission t o  

continuum emission must have been around 30:l. 

[9] t he  e l ec t ron  temperature was not  g r e a t e r  than 3.0(1016 OK, 

I f  Te w a s  no g rea t e r  than the 2.8<1016 - degree value obtained 

TABLE 3 

Electron Density f o r  Plages of 6 Apr i l ,  1962 

m 

-1  n ne i n  u n i t s  of i u - -  e l ec t rons  - 
1 

f o r  A p r i l  6 ,  1962 Ra t io  of l i n e  emission t o  continuum e 
I n  m i l l i o n  degrees K i f  a1 1 continuum 1:l 3: 1 10: 1 30: 1 

2.4 

3.0 

3.5 

55.3(10>49 2.68 1.90 1.14 0.68 

11.9 ( 1.25 0.88 0.53 0.32 

4.9 0.80 0.56 0.34 0.20 

6. X-RAY FLARES 

Up t o  now we have discussed only the  slowly-varying component of 

t he  X-ray emission: i n  addi t ion  t o  these quas i  s teady-s ta te  condi t ions ,  

t r a n s i e n t  events (X-ray f l a r e s )  l a s t i n g  usual i y from 10 minutes t o  a 

couple of hours were frequent ly  observed. Such an event is shown i n  
./ 

Figure 3 ,  and should be compared with the q u i e t  period of s i m i l a r  dura t ion  

- 8 -  
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shown i n  Figure 4. The p a r t i c u l a r  event of Figure 3 contains a t o t a l  energy 

below 11 I4 of 2(10>27 ergs.  

I -  
i 

6 . 1  Correlat ion with H-LY F la re s  

During the  9-day i n t e r v a l  between launch and March 1 6 ,  1962 (at 

which t i m e  t he  r i s i n g  of plage #6370 on the  east limb supplied enough 

X-ray emission t o  ca r ry  the  experiment o f f - sca l e ) ,  approximately 60 X-ray 

f l a r e  events  l a s t i n g  from 10 minutes t o  1 hour were seen,  and 4 events 

w e r e  seen t o  las t  about 5 hours. 

During t h i s  same i n t e r v a l  (1620 UT March 7 ,  1962, t o  1620 UT March 16 ,  

- - *  iyo2j some 33 H-a’ f l a r e s  were reported by ground-based observator ies .  

Of these  H - q  f l a r e s ,  6 would have been unobservable from OSO-1 f o r  

var ious reasons ( s a t e l l i t e  n igh t ,  f a i l u r e  t o  command d a t a  s torage  readout ,  

e t c . ) .  Of the  remaining 2 7  H- o( f l a r e s ,  3 occurred while the  X-ray 

experiment was s t i l l  of f - sca le  because of a previous la rge  event. This 

leaves 24 H - o (  f l a r e s  which can be t e s t ed  f o r  c o r r e l a t i o n  with the  X-ray 

f l a r e s .  Of t h i s  group of 24, it appears t h a t  11 c o r r e l a t e  we l l ,  3 d e f i n i t e l y  

have no counterpar t  i n  X-rays, and the  remaining 10 a r e  doubtful because of 

i n s u f f i c i e n t  da t a  or an excessive time d i f fe rence  ( > 10 minutes). 

Conversely, there  a re  6 f u l l - s c a l e  or grea ter  X-ray events fo r  which no 

H- o< f l a r e  w a s  reported even though observations were presumably being 

made a t  t h e  time. Cer ta in ly  more observations w i l l  be required before a 

d e f i n i t e  statement can be made regarding a c o r r e l a t i o n  o r  lack thereof  

between H-a< f l a r e s  and X-ray f l a r e s .  

- 10 - 
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6.2 Corre la t ion  With SID's 

I n  looking for cor re l a t ions  wi th  Sudden Ionospheric Disturbances,  

a l l  X-ray events  exceeding the  f u l l - s c a l e  s a t u r a t i o n  l e v e l  were barely 

de t ec t ab le  (if observing condi t ions permitted) i n  Sudden Phase Anomaly 

d a t a  for  VLF transmissions v i a  the  D layer .  

13 March w a s  seen i n  ionospheric indices  o ther  than SPA'S. 

Only the  l a rge  event of 

6.3 Corre la t ion  With 2800-Mc Transients  

Corre la t ion  w i t h  t r a n s i e n t s  i n  t h e  2800-Mc s o l a r  f l u x  is good; but 

again,  f u l l - s c a l e  X-ray events a re  represented by extremely s m a l l  events  

( 1  t o  2 f l u x  u n i t s )  i n  the  2800-Mc d a t a .  

6 .4  Grouping of X-ray F la re s  

Several  apparent assoc ia t ions  of c e r t a i n  X-ray f l a r e s  i n t o  groups 

d isp lay ing  a d e f i n i t e  pa t t e rn  w e r e  observed; Figure 5 shows such a grouping. 

S imi l a r  groupings a r e  present  i n  the da t a  f o r  t he  f i r s t  week i n  A p r i l ;  

i n  Pact ,  t he  one p a r t i c u l a r  March group shown i n  Figure 5 has an exac t  Apri l  

counterpar t  27.1 days l a t e r  with iden t i ca l  time-separations between events 

and with i d e n t i c a l  peak excursions above mean background l eve l .  The 

envelope jo in ing  the  peaks of the f l a r e s  within a group i s  found: 

(a) t o  be s t r a i g h t  l i n e ,  and 

(b) t o  have the same slope (wtth e i t h e r  pos i t i ve  or negat ive 

s ign)  from group t o  group. 

These c h a r a c t e r i s t i c s  of the f l a r e  groups ind ica t e  a constant  time 

rate-of-change of X-ray source s t rength.  Source s t r eng th  is  a funct ion 

of e l ec t ron  dens i ty ,  of temperature, and of volume; furthermore,  it i s  

- 12 - 
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d i f f i c u l t  t o  s ee  why any t ime-variation of e i t h e r  e l ec t ron  dens i ty  or 

temperature would be of such a pa r t i cu la r  non-linear nature  as t o  cons t ra in  

the  source s t r eng th  t o  vary l i n e a r l y  with time. One is l e f t  with the  

concept of a volume which i s  e i t h e r  growing or diminishing a t  a constant  

r a t e ,  and which on occasion serves  as a r e se rvo i r  of high-temperature 

e l ec t rons  and ions i n t e r a c t i n g  t o  produce the X-ray f l a r e s .  

7. SUMMARY 

A slowly-varying component has been found i n  the  s o l a r  X-ray f l u x  

below 11 d which c o r r e l a t e s  w i t h  the slowly-varying component of the  

2800-Mc s o l a r  r ad ia t ion .  A model for  these  quasi-s table  X-ray sources 

which f i t s  the  OSO-1 da t a  pos tu la tes  l oca l i zed  sources having the  same 

hor izonta l  ex ten t  as C a  plages wi th  thicknesses  proport ional  t o  their 

diameter ,  and having an e l ec t ron  temperature of about 2.8(1016 % and an 

e l e c t r o n  dens i ty  of about 5(10) e lec t rons  per cm . For these condi t ions 

it is  a l s o  necessary t h a t  the  r a t i o  of l i n e  emission t o  continuum emission 

be a t  l e a s t  1 O : l  and more probably 30:l. 

9 3 

I n  addi t ion  t o  a slowly-varying component, t r a n s i e n t  events (X-ray 

f l a r e s )  l a s t i n g  from 10 minutes t o  a few hours were f requent ly  observed. 

Corre la t ion  wi th  SID's and with 2800-Mc t r a n s i e n t s  has been obtained; 

c o r r e l a t i o n  has been attempted with H - w  f l a r e s  wi th  somewhat ambiguous 

r e s u l t s .  X-ray f l a r e s  were frequent ly  observed t o  be assoc ia ted  i n  groups 

possessing a c h a r a c t e r i s t i c  pa t t e rn ;  the  concept of a source volume varying 

l i n e a r l y  with time is invoked t o  account f o r  the  l i n e a r  envelope of a f l a r e  

group. 
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